The purpose of our study was to biomechanically compare, under cyclic loading conditions, fracture site motion, humeral head collapse, and intra-articular hardware penetration in simulated 3-part osteoporotic proximal humeral fractures stabilized with 1 of 2 locking-plate constructs. We performed fixation on simulated 3-part proximal humeral fractures in 10 pairs of cadaveric osteoporotic humeri with a Hand Innovations S3 Proximal Humerus Plate (S3 plate) or an LCP Proximal Humerus Plate (LCP plate; 1 each for each pair). The specimens were potted, mounted on a materials testing machine, and subjected to 5000 cycles of abduction in the scapular plane, loading through the supraspinatus tendon. Interfragmentary displacement at 2 virtual points (the most medial aspect of the calcar and the most superior aspect of the osteotomy line between the greater tuberosity and humeral head) was measured using an optical tracking system. Humeral head rotation was also measured. We used a generalized linear latent and mixed model to check for an effect of cyclic loading and treatment on the parameters of interest (significance, P < .05). After cyclic loading, the S3 plate humeri showed significantly greater displacement of the greater tuberosity fragment and rotation of the humeral head and a trend (not a significant difference) toward greater displacement at the calcar. No hardware penetration was noted for either repair. Although the S3 plate repairs resulted in significantly more fracture site motion, it is unknown whether the magnitude of the motion is clinically significant.
Introduction
Despite a variety of options available for the treatment of proximal humeral fractures, the optimal treatment of displaced 3-or 4-part fractures in the elderly osteoporotic population remains controversial. It has been difficult to establish the superiority of any particular treatment modality because clinical data have historically been limited and with great variability in outcome measurement. 1 With regard to displaced 3-part fractures, open reduction and internal fixation using a variety of plating techniques is generally recommended [2] [3] [4] because the level of postoperative shoulder function attainable by prosthetic humeral head replacement is reportedly poor. [5] [6] [7] [8] Locking plates, which are considered fixed-angle devices, were introduced to overcome the problems associated with poor screw purchase in osteoporotic bone. Despite the popularity of locking plates, recent clinical data have shown their use is associated with complications, such as humeral head collapse with intra-articular screw penetration and impingement. 9 A plate that uses smooth pegs instead of screws to support the humeral head has been introduced to prevent articular penetration, presumably by blunting the sharp geometry of the screw, but it is currently unknown whether the pegs reduce the incidence of penetration.
The purpose of our study was to compare fracture site motion, varus collapse, and intra-articular hardware penetration in simulated 3-part osteoporotic proximal humeral Synthes, Inc, West Chester, Pennsylvania). Because in vivo loading of the shoulder is complex, we chose to standardize our investigation using a cadaveric biomechanical model. We hypothesized that there would be a reduction in fracture site motion, the magnitude of varus collapse, and the incidence of intra-articular hardware penetration in those humeri stabilized with the S3 plate.
Materials and Methods

Specimen Preparation
We harvested 10 pairs of upper extremities from 7 male and 3 female fresh-frozen cadavers from the Maryland State Anatomy Board and measured bone mineral density (BMD) at the distal radius of each specimen using dual-energy x-ray absorptiometry (Lunar DPX-NT, GE Healthcare Lunar, Madison, Wisconsin). We used the distal radius scan as a surrogate measure of humeral BMD because no humeral database or scan protocol was available. All specimens were osteoporotic with a mean t score of À4.0 (range, À2.6 to À8.4); average donor age at time of death was 81 years (range, 55-92 years). None of the specimens had visibly obvious clinical or radiographic abnormalities. The supraspinatus (SSP), infraspinatus (ISP), and subscapularis (SSC) tendons were dissected free of their origins, and the remainder of the scapulae were stripped of soft tissue, except for the coracoacromial ligament and the glenohumeral joint capsule, which were left intact. The ISP and SSC tendons were then sutured with No. 5 TiCron (Syneture, US Surgical, Norwalk, Connecticut) sutures using a Krackow technique 10 and the free ends of the suture were tied to form a loop. The SSP tendon was sutured with 2 interlocking No. 5 Fiberwire (Arthrex, Inc, Naples, Florida) sutures, incorporating a looped length of 0.5-inch nylon webbing (Strapworks.com, Eugene, Oregon). The inferior angle of the scapula was then removed with an oscillating saw to facilitate potting in polyvinylchloride pipe using dental acrylic (Fastray, Harry J. Bosworth, Inc, Skokie, Illinois). The humeri were disarticulated at the elbow and stripped of all soft tissue below the surgical neck, and an osteotomy was made through the surgical neck using an oscillating saw. A 10-mm segment of bone was removed to produce a gap at the osteotomy site after fixation, simulating a comminuted unstable fracture. A 3-part fracture model was then created by completing an additional osteotomy through the intertubercular groove.
Implants
We used 2 types of implants, the S3 plate and the LCP. The S3 plate was designed to prevent intra-articular screw penetration. It consists of smooth locking pegs that are inserted into the humeral head fragment to provide subchondral support rather than the direct purchase of cancellous bone, as afforded by locking screws. In addition, to reduce the risk of hardware impingement, the implant is designed to be placed in a more distal position than is usual for precontoured proximal humeral locking plates. The LCP uses locking screws and extends more proximally than does the S3 plate.
With the first pair of humeri, 1 humerus was stabilized with the S3 plate and the contralateral humerus received an LCP (Figure 1 ); the right and left assignments were alternated for each subsequent pair. One surgeon implanted each plate under fluoroscopic guidance (BV300 C-Arm, Philips Healthcare, Andover, Massachusetts) to achieve maximal screw length without head penetration, in accordance with the relevant manufacturer's instructions. For both implants, 3 nonlocking bicortical screws were used to attach the plate to the humeral shaft. With regard to the S3 plate, 6 smooth locking pegs (4.0 mm in diameter) were positioned in the subchondral bone of each humeral head; for the LCP, 6 threaded locking screws were positioned at hole locations A, C, and E, which are defined in the technique guide, creating a divergent screw pattern. In all specimens, we used a single No. 5 TiCron suture through the most superior suture holes of each plate to secure the SSP tendon and tuberosity fragment to the plate.
Cyclic Testing
Each potted specimen was positioned in a custom aluminum frame that was mounted on a biaxial servohydraulic testing machine (MTS Bionix 858 Test System, MTS, Eden Prairie, Minnesota). Weights totaling 2.75 kg were affixed to the distal humerus to approximate the mass portions of the upper extremity previously removed. 11 The SSP tendon was connected in series with the MTS actuator and a 500-lb (2200 N) load cell via a length of steel cable passed around a change of direction pulley. We used an average of 5 + 1 lbs applied to the SSC and ISP to prevent the humeral head from subluxating and the humerus from externally rotating during abduction cycling ( Figure 2 ). Under load control, the MTS actuator simulated the pull of the SSP; each specimen underwent cyclic abduction for 5000 cycles or until gross failure or loss of fixation occurred. The load was exerted in a sinusoidal fashion from 40 to 200 N at 0.33 Hz, which resulted in a range of motion between 10 and 60 . Fluoroscopic images were captured before and on completion of cycling to detect any radiographic evidence of screw penetration or implant failure. All of the specimens were disarticulated and inspected following completion of cycling to check for visually obvious screw penetration.
Kinematic Analysis
Retroreflective marker triads were attached to the humeral head fragment, the greater tuberosity fragment, and the humeral shaft using 3.5-mm cortical screws (Figure 3 ). Before cycling, a set of virtual points was added at 2 locations: the most medial aspect of the surgical neck (''head side'' of the osteotomy gap), referred to as the ''calcar,'' and the most superior aspect of the greater tuberosity osteotomy line, referred to as the ''tuberosity.'' The creation of these virtual points allowed relative interfragmentary displacement between head and shaft fragments and between head and greater tuberosity fragments to be calculated at each respective point. Kinematic data were captured just before the onset of cycling and during the final 5 cycles with an optical motion tracking system; the data were analyzed using Smart Capture software (eMotion, Inc, Padua, Italy). Rotation of the humeral head was calculated from the relative angular positions of the humeral head and humeral shaft markers before and on completion of cycling.
Statistical Analysis
We checked for an effect of cyclic loading and treatment on the parameters of interest using a generalized linear latent and mixed model (Stata10, StataCorp LP, College Station, Texas) with random effects to account for specimen pairing and repeated measures, and adjusting for age and BMD. Significance was set at a P < .05. 
Results
All but 1 specimen completed 5000 cycles of loading. Mean displacements and rotations are presented by treatment (Table 1 ). There was significantly greater mean displacement at the tuberosity and mean varus collapse in specimens stabilized with the S3 plate than in those with the LCP. There was no evidence of intra-articular screw penetration in any specimen. There was a greater, but not significantly so, mean displacement at the calcar in specimens repaired with the S3 plate than in those repaired with the LCP. Age and BMD were not significant covariates for any of the parameters of interest.
The 1 specimen that failed prematurely did so within the first 100 cycles and was a specimen stabilized with the S3 plate. The specimen in question had a t score of À8.4 and was the most osteoporotic specimen tested. Failure occurred initially by total separation of the tuberosity fragment from the head, altering the direction of pull of the SSP and resulting in the locking pegs levering out of the head.
Discussion
Contrary to our original hypothesis, the current study showed that the S3 plate did not provide reduced motion of the humeral head compared with the LCP in an unstable 3-part fracture model. Our data also showed that humeri stabilized with the S3 plate had significantly more motion at the greater tuberosity than those repaired with the LCP.
We observed small magnitudes of fragment displacement and humeral head rotation in both groups that are unlikely to result in a poor outcome in vivo. The significantly greater displacement of the greater tuberosity fragment with the S3 plate may be a result of its more caudal position, with only 2 pegs traversing the greater tuberosity fragment and attaching it to the head (versus 4 screws with the LCP). The more caudal position of the S3 plate relative to the LCP may also provide less buttressing of the greater tuberosity. In our 3-part fracture model, usually only a very thin cortical bridge remained between the 2 superior pegs and the surgical neck osteotomy after implantation of the S3 plate.
We did not observe intra-articular hardware penetration in either treatment group, which is also contrary to our original hypothesis. One recent study reported a rate of 14% of screw perforation, unrecognized at the time of surgery, which resulted in a second operation to remove the hardware or exchange the screws for shorter ones. 9 It is unknown why our current study did not elicit similar penetration rates. It may well be that our protocol did not recreate the magnitude and nature of force responsible for this complication in vivo. We chose to simulate cyclic abduction, whereas previous biomechanical studies have attempted to recreate varus bending forces by pushing inferiorly on the humeral head [12] [13] [14] or by potting the humeral head and applying a bending moment to the humeral shaft. 15 We assumed that pulling on the SSP to create a bending moment on the constructs represents a more physiologic model than that used in previous investigations. Walsh et al 16 also used the rotator cuff musculature to load the constructs in a similar manner; however, the SSP, ISP, and SSC were clamped as 1 unit, and cyclic loading was not conducted.
Another reason our current study did not elicit penetration rates similar to those of Sudkamp et al 9 may be that the osteotomy model we used enables an excellent reduction of the tuberosities with no comminution or bone loss, which would be expected when stabilizing these fractures clinically.
It is difficult to recreate in a laboratory setting the exact forces experienced by the shoulder during abduction. We chose 200 N as the upper force limit for SSP in the testing protocol. This value was higher than that previously reported, predicting a maximal force of 117 N in the SSP tendon during abduction. 17 We used a higher load to compensate for the absence of deltoid contribution, the main abductor of the shoulder. Had we used 117 N, the degree of abduction and range of motion achieved in each specimen would have been below what one might expect in a typical period of accelerated rehabilitation. In addition, Edwards et al, 18 who cyclically loaded cadaveric humeri stabilized with the LCP, applied a varus bending moment of 0 to 7.5 Nm and observed a mean displacement of 4.39 mm after 5000 cycles. Assuming a moment arm of the SSP of 2 cm 19 and a bending moment of 7.5 Nm, if exerted purely by the SSP, 375 N of tension would be required in the SSP tendon. One would expect, if 117 N were chosen as the upper limit for loading, 17 that the displacements observed would be negligible, approaching the limits of accuracy of our detection system. We would have preferred to load the level reported by Edwards et al 18 ; however, attempting to exert 375 N through the SSP tendon would have likely resulted in failure of the tendon or the sutures pulling through the tendon before completion of cycling. Therefore, we chose 200 N, which produced an approximate maximal 4-Nm bending moment at the fracture site.
Our current study has several limitations. First, cyclic loading of the humeri was conducted in abduction only. The high mobility of the glenohumeral joint, coupled with the fact that several muscles, other than those comprising the rotator cuff, also act on the shoulder, means that the implants in this study were subjected to a substantially less complex range of forces than would likely be experienced in vivo. However, we are unaware of a biomechanical study to date that recreates such a complex environment. Second, to center the humeral head in the glenoid during abduction, we used counterweights to tension the ISP and SSC tendons. The counterweights were altered according to the behavior of each individual specimen and likely resulted in forces among the ISP, SSC, and SSP that differed from those previously reported. 17 Every effort was made, however, to match the counterweights of the specimens within each pair. Third, because we chose to use cadaveric tissue, we were limited in the length of our cyclic loading protocol because such tissue does not lend itself to longterm testing at room temperature. Fourth, we tested 2 plating systems that had multiple different design features, such as plate length, screw position, and orientation. Despite the different design features potentially contributing as confounding factors, we chose to test the systems as they would be used clinically. We also were not able to directly measure BMD in the humeral specimens and instead used the dual-energy x-ray absorptiometry measurement from the distal radius as a surrogate measure under the assumption that if one portion of the appendicular skeleton was osteoporotic, so would be the other. There is some evidence to support this notion. The BMD values for distal radii are significantly correlated with those from the proximal femur. 20 We found that the specimens stabilized with the S3 plate showed significantly greater displacement of the greater tuberosity fragment and rotation of the head fragment than did those repaired with the LCP, so our original hypothesis must be rejected. However, it is unknown whether the differences are clinically important.
